The urban rail system in Istanbul carries in total more than 700.000 passengers per a day on different types of lines which require well organized risk governance. This paper evaluates the urban rail systems in Istanbul under different risk factors using Fuzzy Analytic Hierarchy Process (FAHP) to uncover the critical risk criteria of these systems and to make a multi-criteria evaluation of existing rail systems for the assignment of the scarce resources. Linguistic variables are used in the pairwise comparisons of criteria and alternatives. The risk factors considered are regional criticality, line characteristics, line safety and station structure. The evaluation results imply that the most risky critical urban rail system in Istanbul is the subway line from Sishane to Darussafaka.
Introduction
Around the world, interest is growing in the use of rail systems to solve increasing urban transportation problems. Cities across the globe are looking for ways to improve transportation services in response to rapidly expanding urban populations and growing motorization. Particularly in the highly populated urban centers, rail systems such as light rail, metro, subway, tram, etc. can provide rapid urban mobility and access to city centers from surrounding districts. They have advantages such as large transportation capacity, high speed, low pollution, less resource occupation, low energy consumption, easy traffic and comfort, which are in conformity with the principle of sustainable development; it is particularly applicable for big and medium-sized cities. 1 In the rail transport, trains of vehicles move goods and passengers from point to point. This transportation is aimed to be done as safely, without injuring passengers and employees, and without damaging property or the environment. 2 However, urban rail systems share certain characteristics that make them vulnerable to attack: they make scheduled stops along fixed routes; their operations depend on people having quick and easy access to stations and trains; and the number of access points and volume of ridership make it impractical to subject all rail passengers to the type of screening that airline passengers undergo. 3 Especially for underground systems, due to the heavily overcrowded population and the situation of underground space, there exist a lot of potential risks during the operation of the system. Moreover, emergency evacuation in metro stations was identified as a key issue in metro safety in both microcosmic and macroscopic aspects. Several researchers in the world have paid attention to the metro evacuation. These studies mainly involve researches of the behavioral and psychological features of passengers in metro, and developing evacuation models and calculation methods. 4−7 To the best of our knowledge, there is not a paper analyzing the risk governance of urban rail system in the literature. The risk governance of urban rail system consists of risk factors such as regional criticality, line characteristics, line safety and station structure. Most of these factors include subjectivity and they cannot be defined precisely. Through the uncertain and imprecise property of these risk factors linguistic expressions can be used for the evaluation process. In order to construct a useful system for multicriteria evaluation of the urban rail system in Istanbul according to the risk factors mentioned above, a fuzzy analytic hierarchical process (FAHP) is used. The major reason for applying FAHP is its ability of handling both imprecise and subjective evaluations. It is also easily understood and applied.
Istanbul urban rail lines comprise two light rail lines (M1 and T4), metro (M2), one nostalgic tram (T3) and one fast tram (T1) and two funicular lines (F1 and F2) These lines totally carry over 700.000 passengers 8 per a day which necessitates well organized risk governance. The purpose of the paper is to determine the important criteria of urban rail systems in Istanbul to make the multi-criteria evaluation of the existing rail systems for the assignment of the scarce sources. In Sec. 2, risk governance of urban rail systems are examined with a literature review. In Sec. 3, the methodology which is applied on this study is given in detail. In Secs. 4 and 5, an illustration of the proposed methodology is done for the urban rail system in Istanbul, and a sensitivity analysis is given, respectively. In the last section, the results of the illustration are discussed and recommendations for further research are given.
Risk Governance of Urban Rail System
On a national scale, governance describes structures and processes for collective decision making involving governmental and non-governmental actors. 9 Risk governance involves the translation of the substance and core principles of governance to the context of risk and risk-related decision-making. 10 Risk governance is a systemic approach to decision making processes associated to natural, technological and man-made risks, based on the principles of cooperation, participation, mitigation and sustainability, adopted to achieve more effective risk management that is convergent with other public and private policies.
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In the recent literature, risk governance of rail transportation is mainly analyzed under hazardous material transportation concept. 12 In the other studies, Ref. 13 examined the role of risk perception in use of private and public modes of transportation. 13 They investigated the relative importance of perception of transport risks with risk perception of non-transport factors and also analyzed the differences in worry, perceived control of transportation modes, as well as trust in authorities' risk handling, safety motivation, and attitudes towards transport safety. Reference 2 investigated rail safety problem which is a complex situation. He analyzed the safety factors by considering design and management issues. 2 Reference 14 analyzed if crowding in rail passenger transport poses a threat to passenger health related to the experience of stress. 14 The risk governance of urban rail system consists of risk factors such as regional criticality, line characteristics, line safety and station structure. Some of these factors cannot be defined precisely and can be defined by linguistic terms. Through the uncertain and imprecise property of these risk factors, the fuzzy set theory which was introduced by Ref. 15 is used for the implication of these factors. The fuzzy set theory has an advantage over the traditional set theory when describing set concepts in the human language. 15 The fuzzy set theory can represent linguistic data which cannot be easily modeled by other methods. 16 In this study risk governance of urban rail system is analyzed as a fuzzy multicriteria decision making process and Fuzzy Analytical Hierarchy Process (FAHP) is used to evaluate the urban rail system in Istanbul under different risk factors.
Fuzzy AHP

Fuzzy set theory and linguistic variables
The fuzzy set theory is founded by Ref. 15 , and he defined the fuzzy set as a class of objects with a continuum of grades of membership, which is characterized by a membership function which assigns to each object a grade of membership ranging between zero and one. A fuzzy set A in U characterized by a membership function ) (x To express the influence of the DMs on the criteria more realistically we use a method proposed by Ref. 21 . According to this method, the DMs input affecting to the weight of any criteria is superimposed on the default comparison matrix to give a modified matrix. The membership functions of the affected TFNs in the comparison matrix are strengthened or weakened (by amount δ ) to reflect the DMs' emphases.
to be a TFN, the modified (emphasized) fuzzy number is represented as
where ( 2) ( 1) ( 0)
More strengthened Strengthened Fuzzy number Weakened More weakened
This method is applied to each fuzzy number (apart from 1 and 9 ) which has five levels of intensity corresponding to the five linguistic options. Table 1 represents fuzzy equivalences of the linguistic variables.
Fuzzy Analytic Hierarchy Process (FAHP)
Analytic Hierarchy Process (AHP) is a structured approach to decision making developed by Ref. 22 . AHP is a general theory of measurement which is used to derive ratio scales from both discrete and continuous paired comparisons in multilevel hierarchic structures. Absolutely more important (7,9,9)
If factor i has one of the above fuzzy numbers assigned to it when compared with factor j, then j has the reciprocal value when compared with i.
Reciprocals of above
Most of the evaluation parameters cannot be given as precisely and the evaluation data of the alternative project's suitability for various subjective criteria and the weights of the criteria are usually expressed in linguistic terms by the decision makers. In this case, fuzzy logic that provides a mathematical strength to capture the uncertainties associated with human cognitive process can be used. 24 Reference 25 suggested that the fuzzy AHP is an appropriate approach for overcoming difficulties in explicitly expressing the decision maker's preference involved in the comparison process. 25 Reference 26 introduced a definition of consistency of the judgment matrix in the fuzzy AHP and gave a general expression of all fuzzy weights under the condition of consistency and suggested the geometric average method for fuzzy weights calculation in the practical decision-making situation. 26 Reference 27 has proved that the geometric mean method is the only one for obtaining weights from multiplicative pairwise comparisons, since it satisfies fundamental consistency requirements. 27 In this study, we Step 1: Construct fuzzy pairwise comparison matrices among all the criteria in the dimensions of the hierarchy system. The result of the comparisons is constructed as fuzzy pairwise comparison matrices ( ) Ã as following; 
Step 2: Examine the consistency of the fuzzy pairwise comparison matrices. is also consistent. 29 In order to check the consistency of the fuzzy pairwise comparison matrices, pairwise comparisons are defuzzified by the graded mean integration approach.
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Step 3 
Step 4 [ ]
Step 5: Defuzzify fuzzy numbers in order to determine the importance ranking of the criteria. In previous works, the procedure of defuzzification has been to locate the best non-fuzzy performance (BNP) value. 31 We use the Center of Area (COA or Center Index, CI) method for defuzzification in this step. The COA method's BNP value for a TFN 
An Illustration
The risk governance of urban rail system consists of risk factors such as regional criticality (F1), line characteristics (F2), line safety (F3) and station structure (F4). Criteria of the factors are determined by the five experts who are two academicians and three managers from Istanbul Electricity, Tramway and Tunnel (IETT) General Management. The criteria of the regional criticality are determined as the risk of the region according to an earthquake (C1), having a factor which could be target for terrorist activities in the line zone (C2) and lack of hospitals in the line zone (C3). The criteria of the line characteristics are determined as number of the stations (C4), maximum passenger in a round (C5) and length of the line (C6). Criteria of line safety are determined as the number of the emergency exits in the stations (C7), the discharge opportunities of the vehicle during an emergency (C8) and the number of security guards (C9). The criteria of station structure are determined as the number of the platforms in a station (C10), the number of lines passing through a platform (C11), the number of underground stations in the line (C12) and the number of ground stations in the line (C13). In this application four main rail systems of Istanbul which are M1 (Ataturk AirportAksaray), M2 (Sishane-Darussafaka), T1 (Kabatas-Bagcilar) and T4 (Topkapi-Habibler) will be evaluated. M1 is a light railway system between Ataturk Airport and Aksaray, which travels both underground and aboveground. The line length of M1 is 19.6 km. It has 18 stations and one of them is a transfer station. Daily passenger number of M1 is about 210,000. M2 is main subway system of Istanbul which works between Sishane and Darussafaka with a line length of 16.5 km. It has 12 stations and one of them is a transfer station. Daily passenger number of M2 is about 170,000. T1 is a light rail system which works between Bagcilar and Kabatas with a line length of 19.5 km. It has 31 stations and two of them are transfer stations. Daily passenger number of T1 is about 265,000. T4 is another tram line which works between Topkapi and Habibler with a line length of 15.3 km. It has 22 stations. Daily passenger number of T4 is about 100,000. T4 has stations both underground and aboveground. The experts make their evaluations by using linguistic terms defined in Table 1 . Then, these linguistic terms are converted to their numerical counterparts. Table 2 presents the fuzzy pairwise comparison matrix for the factors including these numerical counterparts. 
The other matrix elements are attained by the same computational procedure, therefore, as an example, the pairwise comparison matrix of the five experts for the evaluation dimensions are constructed as in Table 3 . Local weights for factors and criteria are given in Table 4 . Global weights of criteria which are provided in the last column of Table 4 are then calculated using local weights of each factor.
Regional criticality is determined as the most important factor for evaluation of risk governance of urban rail system where the line characteristics factor is the least important one. For the criteria, having a factor which could be target for terrorist activities in the line zone is calculated as the most important criterion.
The weights for the four alternatives according to each criterion are computed by following the same calculation steps and the weights of the alternatives according to each criterion are found as in Table 5 . The calculation of global weight of an alternative starts with building the pairwise comparison matrix of alternatives for each criterion. Then the global weight of each alternative for each criterion is multiplied by the global weight of that criterion. The sum of those products gives the global weight of the considered alternative. Table 5 shows that subway line M2 which operates between Darussafaka and Sishane has the greatest risk among the alternatives.
Sensitivity Analysis
We applied a sensitivity analysis using different factor weights to see the effects of any possible changes in the factor comparison matrix. Four additional cases were examined in this process. In each additional case, only one of the factors' weights is changed. These are outcomes of the evaluations made by five experts. In Table 6 , the current and generated factor weights for the examined cases are given. In Table 7 , the obtained final weights of the alternatives with respect to each case are given. According to the calculations shown in Table 7 , a slight decrease on the weight of the regional criticality factor changes the order of the importance of the alternatives and rail system M1 becomes more critical than the subway rail system M2. Also an increase on the weight of the line safety factor has the same impact on the ordering of alternatives. Slightly decreasing the weight of the station structure factor changes the order of rail system M1 and light rail system T1. Increasing the weight of line characteristics factor also changes the order of alternatives and T1 becomes the most critical line by this change. As a conclusion, the factor weights are very sensible for the priority order of the alternatives. This means that the experts who make comparisons among the factors should be chosen very carefully and they should be informed about the importance of their judgments.
Conclusion
This study proposes a useful system for multi-criteria evaluation of the urban rail system in Istanbul according to the risk factors such as regional criticality, line characteristics, line safety and station structure by using a fuzzy analytic hierarchical process (FAHP). The results of the study show that regional criticality is the most important factor for evaluation of risk governance of urban rail system where the line characteristics factor is the least important one. Among the criteria, having a factor which could be target for terrorist activities in the line zone is calculated as the most important criterion. Furthermore it is found that subway line M2 which operates between Darussafaka and Sishane has the greatest risk among the alternatives. In the sensitivity analyses four additional cases are examined and the effects of the changes on the factor weights are analyzed.
The results of the proposed methodology can be a baseline for the government to take precautions for the urban rail transportation risk in Istanbul. The factors used in the evaluation process can be extended and the proposed methodology used for urban rail system in Istanbul can be applied to other type of transportation alternatives in Istanbul as a further study. Our suggestion for future research is to use other analytical methods such as Choquet Integral or Analytic Network Process (ANP), etc. to determine the importance weights of the criteria.
